2015). Additive and epistatic genome-wide association for growth and ultrasound scan measures of carcass-related traits in Brahman cattle. Keywords Beef cattle; bovine; epistasis; genome-wide association studies; insulin-like growth factor-1; single nucleotide polymorphism. Correspondence P.C. Thomson,
Introduction
Growth and body composition traits in northern Australian cattle can be impacted by factors such as external and internal parasites, other diseases, heat, humidity and seasonal variation in the quantity of natural pasture availability and its generally low quality. Genetic improvement has been achieved, as a means of improving production efficiently in tropical cattle, by selection for appropriate traits related to growth, body composition and tolerance to environmental stressors (Burrow 2012) .
Phenotypic selection to improve growth rates of beef cattle in the tropics has been successful using traditional selection practices over multiple generations based on cattle performance records and pedigree information (Koots et al. 1994) . However, the genetic gain might be accelerated if polymorphisms responsible for growth differences can be determined at the genome level. Chromosomal regions, genes and specific polymorphisms associated with growth have been investigated previously (Casas et al. 2003; Allan et al. 2007) . A number of studies identified chromosomal regions harbouring variation affecting growth and reproduction in cattle (Snelling et al. 2010; Bolormaa et al. 2011; Hawken et al. 2012) . Recently, systems biology approaches, including gene networks, have been applied to the genetic dissection of complex phenotypes (Fortes et al. 2013; Kadarmideen 2014) . However, most GWAS have focused on identifying single-locus effects, without considering interaction between loci, that is 'epistasis'; when epistasis is ignored, some important loci may remain undetected. In its simplest definition, epitasis refers to an interaction between a pair of loci (or gene-gene interactions), in which the phenotypic effect of genotype at one locus depends on the genotype at the second locus.
Testing the interactions between all pairs of single nucleotide polymorphisms (SNPs) using the currently available high-density bovine SNP chip, which can comprise more than 700K SNPs (Rincon et al. 2011 ), is a difficult task due to statistical complexity (e.g. multiple testing) and computational burden (Marchini et al. 2005) . For these reasons, epistasis is not yet routinely analysed in complex trait studies.
Rather than testing all possible pair-wise comparisons, a more practical strategy might be to examine a subset of SNPs which could have influence on a trait of interest. The objective of this study was to demonstrate a three-stage approach: (i) fit a model without the SNP to estimate the variance components using an iterative REML procedure; (ii) a SNP analysis using these variance components, thus avoiding REML iteration; and (iii) use the significant SNPs for genomewide epistasis analysis (GWEA) using field data for growth and real-time ultrasound scan measures for subcutaneous fat thickness in Brahman cattle.
Materials and methods
All animal procedures were approved by the J.M. Rendel Laboratory Animal Ethics Committee (CSIRO, Queensland) as approvals TBC107 (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) ) and RH225-06 (2006 RH225-06 ( -2010 .
Animals, traits and genotypes
The Brahman breed heifers used in this study were born from 1999 to 2003, using artificial insemination and natural service, on four cooperative properties and the former 'Belmont' research station of CSIRO at Rockhampton, Queensland, Australia. Cattle were part of the Northern Breeding Project of the Cooperative Research Centre for Beef Genetic Technologies (Beef CRC) in the tropical regions of northern Australia (Upton et al. 2001) .
Animals were progeny of 54 sires; the sire parentage was determined by DNA fingerprinting (Vankan & Burns 1997) . A total of 1027 females were recorded for growth and real-time ultrasound scan measures for fat thickness. Details of the population and traits measured have been described previously (Barwick et al. 2009 ). Briefly, traits were recorded on animals at two occasions: (i) when the mean age of heifers was 18 months, near the end of the first postweaning wet season (W1) and (ii) when the mean age was 24 months, near the end of the dry season (D2). Growth traits recorded were as follows: live weight (WT, kg), average daily gain (ADG, g/day), body condition score (BCS, recoded scores to 1-15 scale), hip height (HH, cm) and serum concentration of the insulin-like growth factor-1 (IGF-1, ng/ml). Traits measured with ultrasound scan were rump fat thickness at the P8 position (SP8, mm), fat depth measured between the 12th and 13th ribs (SRIB, mm) and area of the logissimus thoracis et lumborum muscle area at the 12th/13th rib (SEMA, cm 2 ). Of the 1027 animals with the growth and ultrasound scan records, 584 individuals were sampled randomly for genotyping. Blood samples were collected by venipuncture of a tail vein, and genomic DNA was extracted. DNA samples were genotyped at 9075 SNP markers using the Affymetrix bovine 10K SNP array (Khatkar et al. 2007) . The SNPs in this panel are distributed across the genome with an average spacing of approximately 325 kb between SNPs.
To ensure reliable quality data for the GWAS analysis, the following exclusion measures were applied: a SNP or animal with call rate <90%, SNP with minor allele frequency (MAF) of <0.01, SNP not in Hardy-Weinberg equilibrium (p ≤ 0.0001), SNP not on an autosome or with location unknown. After quality control, data on 565 animals and 6714 SNP markers were available for further analysis.
The genotypes for each SNP were coded as 0, 1 or 2 copies of the allele B for genotypes AA, AB and BB, respectively. Missing genotypes were imputed using BEAGLE (Browning & Browing 2011) . All SNPs were mapped to the current UMD 3.1 build of the bovine genome sequence assembled by the University of Maryland.
Statistical analyses

Quantitative analysis
Descriptive statistics and genetic parameters (e.g. variance components and heritability) were estimated for all traits considered. Univariate animal models were used to estimate fixed effects and variance components using REML methods in the absence of a SNP. The heritability estimates were calculated as the proportion of additive genetic variance to the phenotypic variance.
The following linear mixed model was fitted to the phenotypic data:
where Y i = observation of trait on animal i, l = overall mean, CalveM = calving month (levels, 1-8), DAge = dam age (six levels, 3-8 years), Herd = property of origin (five levels, 1-5 properties), Cohort = combination of herd of origin and year of birth (11 levels, 1-11) are fixed effects. Animal and e i (residual error) are random effects. The vector of random animal effects, a = {Animal} in eqn (1), was assumed to be normally distributed with zero mean and variance varðaÞ ¼ Ar 2 Animal , where A is the numerator relationship matrix across all animals derived from the available pedigree information, and r 2 Animal is the additive polygenic variance component. Data from all the 1027 animals with growth and ultrasound records were used for model fitted using eqn (1).
Similarly, the vector of random errors e = {e} is assumed to have mean zero and variance varðeÞ ¼ Ir 2 e , where I is an identity matrix; r 2 e is the residual variance component. Fixed effects for the traits considered have been described previously (Barwick et al. 2009 ). All analyses, including subsequent models, were performed using ASREML-R software (Butler et al. 2009 ).
Additive genome-wide association model
The additive effect of a SNP was modelled as a covariate, being the number of copies of the allele (0, 1 or 2). The following linear mixed model was fitted to the data:
where all terms are as defined in eqn (1), and SNP represents the additive effect of the SNP (0, 1 or 2 copies of the allele at the SNP, as a covariate). The additive polygenic variance and residual variances estimated using eqn (1), that isr 2 Animal andr 2 e , are assumed for this model. This allows the mixed model equations to be solved noniteratively at each SNP, thus reducing the computational burden. The additive effect of each SNP was tested using a Wald test against a null hypothesis of a SNP effect b = 0. Corrections for multiple testing were performed using the q-value false discovery rate (FDR) package in R software (Storey & Tibshirani 2003) which uses characteristics of the p-value distribution to compute q-value thresholds. This method maps p-value into corresponding q-values by first estimating the proportion of loci not associated with the trait of interest ('null' p-values, p 0 ). A SNP was consequently declared significant at a threshold of q-value ≤0.01 which, for example, may correspond to p-value ≤10 À6 in particular set of tests. We also considered a more moderate significance threshold where a SNP was considered to have a suggestive association with q-value ≤ 0.05. In total, 565 animals with both phenotype and genotype data were utilized in eqn (2) and subsequently in eqn (3).
Genome-wide epistatic association model
Following the procedure proposed by Marchini et al. (2005) , a subset of the most significant SNPs identified by the additive association models were selected for epistatic testing. The threshold for selecting candidate SNPs for testing was a p-value of 0.01 from the association model in eqn (2). This relaxed threshold was chosen to capture SNP loci with small effects on the trait of interest. However, not testing all pair-wise SNP combinations substantially reduces the computational and multiple testing burdens.
The effect of two loci (e.g. SNP 1 and SNP 2 ) on a trait in question was estimated using a mixed model as follows:
where SNP 1 and SNP 2 are three-level factors for genotypes (e.g. AA, AB and BB) at SNP 1 and SNP 2 , and SNP 1 .SNP 2 is the interaction between SNP 1 and SNP 2 genotypes as an indicator for an epistasis effect. All other terms in the model were the same as in eqn (2). Note that while the SNP effect for the additive association model was treated as a covariate (0, 1 or 2 copies of the variant allele) to maximize the power of association detection, for estimating interactions (e.g. epistasis) it is necessary to treat the effect of the SNPs as factors. A separate model was fitted for each pair-wise combination of selected SNPs. Only first-order interactions between pairs of SNPs were considered in the model, as inclusion of all possible higher order interactions is computationally intractable. Corrections for multiple testing was made using the q-value procedure and evaluated at several FDR thresholds (0.1, 0.01, 0.001, 0.0001 and 0.00001). A search for significant interacting SNPs in a gene was conducted using the public domain dbSNP database in NCBI (http://www.ncbi.nlm.nih.gov/). The selection and evaluating a subset of SNPs that meet a predefined threshold cut-off in a single-SNP association test were subsequently followed up in a pair-wise SNP epistatic analysis, such an approach would not only reduce significantly the computational run time and storage requirement, but also provide advantage in statistical power since the penalty due to multiple testing would not be great as in all pair-wise combination test of SNP markers.
Results
Trait means and heritability for the growth and ultrasound scan measures of carcass-related traits are presented in Table 1 . The number of records differs slightly across the two seasons, and fewer animals were recorded for hip height in the wet season and IGF-1 in the dry season. The trait means varied between wet and dry season which may be mainly due to the differences in the age of animals. Mean W1ADG was higher in the wet season than the dry season. The heritability for growth and carcass-related traits was moderate to high and ranged from 0.14 AE 0.07 to 0.60 AE 0.13, with the large standard errors reflecting a small sample size. Heritability estimates were similar between traits measured in wet and dry seasons.
Genome-wide associations
Results of the GWAS analyses for growth and carcassrelated traits are presented in Tables 2 and 3 and Figure 1. Manhattan plots for other ultrasound-scanned carcass traits are given in Figures S1 and S2 in the supporting information. Tables and plots included all the significant SNP results. A p-value of 1.0 9 10 À6 which corresponds to a q-value of 0.01 was considered to identify SNPs with a significant association with a trait being tested. With this threshold, six SNPs were identified as being significantly associated with at least one trait considered: these SNPs were detected on BTA 14 at genome positions from 21 to 35 Mb, and most of these SNPs were associated with more than one trait. The most significant SNP association (p-value = 4.9 9 10 À11 ; q-value = 3.3 9 10 À7 ; MAF = 0.498) was rs29020688 on BTA 14 at 24 Mb for D2SP8 of the rump fat depth measured in the dry season.
As also shown in Tables 2 and 3 , the other significant SNPs were rs29010515, rs29010516, rs29010471, rs29011751 and rs29025824 for different traits considered. The rs29020688, rs29010515 and rs29010516 markers were consistently associated with IGF-1, rump fat depth at P8 and fat depth between the 12th and 13th ribs measured in the wet and dry seasons. Q-Q plots of these traits displayed an excess of small observed p-values compared with the expected theoretical distribution; this excess indicates a likely true associations of SNPs with traits, rather than an associations by chance (see supporting information, Figures S3 to S5).
Genome-wide epistatic associations
The numbers of SNPs with nominal p-values ≤0.01 that were selected from the single-SNP GWAS study are given in Table S1 in the supporting information. The mean number of SNPs available per trait for SNP-SNP interaction analyses was fairly similar (89.4 AE 6.5 and 88.1 AE 10.8) for traits measured in wet and dry seasons, respectively.
The number of significant epistatic associations at five different false discover rate (FDR) thresholds (FDR at 0.1, 0.01, 0.001, 0.0001 and 0.00001) is presented in Table 4 . Significant epistasis at the lowest FDR (0.1) was observed for the same three traits in both wet and dry seasons, namely IGF-1, rump fat depth at P8 site and fat depth measured between the 12th and 13th ribs. The highest number of significant epistasis effects across each FDR threshold was detected for IGF-1 trait measured in the wet season. Indeed, this is the only trait for which any significant epistasis was detected at FDR thresholds greater than the lowest threshold. Only two significant epistatic associations were identified for rump fat depth at P8 site. No significant epistasis was observed for WT, HH, BCS and EMA traits in either wet or dry seasons. The graphical representations of the genome-wide association results for IGF-1 measured in the wet season are presented as an image plot in Figure 2 . The additional image plots for other ultrasound-scanned carcass and serum concentration of IGF-1 traits are given in Figures S6 to S10 in the supporting information. These heatmap plots show the strongest epistatic signals or the so-called hot spots (dark red colour spots) where significant epistatic association exists at genome-wide level. The scale on the right-hand side of the plot represents -log 10 (p-value). The thresholdlog 10 (p-value) of each heatmap plot was indicated in the caption. Based on the q-value threshold of 0.01, 136 significant epistatic interactions were identified for W1IGF-1 (see supporting information, Table S2 ). These involved 56 SNPs spanning 19 chromosomes, namely BTA 5-10, 13-20, 22, 23 and 25-29; the largest number of SNPs (n = 12 SNPs) was on BTA 10. Of the 136 epistatic pairs detected, 22 epistatic associations involving SNPs on BTA 5, 6, 8, 9, 10, 15, 16, 17, 19, 22, 23, 25 and 26, and 29 were highly significant (q-value ≤ 1.4 9 10 À10 ). The strongest significant epistatic effects for W1IGF-1 (q-value = 6.2 9 10 À12 ) were detected between rs29022513 on BTA 10 (86 513 542 bp) and rs29020759 on BTA 16 (7 817 810 bp), and between rs29016126 on BTA 17 (44 319 169 bp) and rs29013846 also on BTA 17 Prefix W1, traits measured in the wet season; prefix D2, traits measured in the dry season; Traits: WT, live weight (kg); BCS, body condition score (score 1-12); HH, hip height (cm); IGF-1, serum level of insulin-like growth factor-1(mg/ml); EMA, ultrasound scan for eye muscle area (cm 2 ); P8, ultrasound scan for fat depth at P8 site (mm); RIB, ultrasound scan for rib fat depth (mm). (18 809 070 bp). An additional 23 significant epistatic interactions involving 32 SNPs on 17 chromosomes (BTA 1, 2, 4, 5, 9, 10, 11, 12, 13, 14, 15, 16, 17, 20, 22, 25 and 27) were detected using a more lenient threshold q-value of 0.1 for W1P8, W1RIB, D2IGF-1, D2P8 and D2RIB traits (see supporting information Table S3 ). Of these 32 SNPs detected in epistatic interactions, 11 SNPs on BTA 1, 4, 5, 9, 10, 16, 17, 25 and 26 were associated with W1RIB; 10 SNPs on BTA 2, 11, 12, 14 and 22 were associated with D2IGF-1; seven SNPs on BTA 1, 4, 5, 12, 14, 25 and 27 were associated with D2RIB; four SNPs on BTA 2, 14, 20 and 22 were associated with W1P8; and three SNPs on BTA 1, 13 and 15 were epistatically associated with D2P8. The strongest of the FDR = 0.1 epistatic associations was observed between rs29011033 on BTA 26 at 39 051 127 bp position and rs29017479 on BTA 9 at 75 753 669 bp position (q-value = 0.0018), and between rs29021134 on BTA 12 at 59 528 070 bp and rs29025462 on BTA 27 at 25 615 010 bp (qvalue = 0.0009) for W1RIB and D2RIB, respectively. Table S4 presents the genes that the SNPs showing significant epistasis are located in: we call these positional epistatic genes. Twenty epistatic interactions between SNPs on 15 chromosomes (BTA 1, 5, 6, 8, 10, 13, 14, 16, 17, 18, 19, 20, 23, 25 and 26) were observed for W1IGF1 and D2SP8 traits. These epistatic SNP pairs in Table S4 were the only SNP pairs for which a gene could be found in at least one SNP. However, there were no cases where both members of an epistatic pair of SNPs were located in the same gene. These epistatic SNPs were found to be located in the following genes: (BTA 13; 38782686. . .38842977) , and SNPs: rs29016259 (BTA 1), rs29023212 (BTA 5), rs29023213 (BTA 5), rs2901 2836 (BTA 6), rs29016280 (BTA 6), rs29022513 (BTA 10), rs29016126 (BTA 17), rs29013846 (BTA 17), rs29018088 (BTA 19) and rs29014419 (BTA 23). Nine of these ten epistatic signals were associated with W1GF-1.
Discussion
Genome-wide pair-wise SNP interaction using highdensity SNP chip genotypes is a difficult task due to statistical complexity (e.g. multiple testing) and computational runtime problems. To overcome these problems, we employed a three-stage approach: (i) fit a model without SNPs to estimate the variance components; (ii) a single-SNP analysis using these variance components, thus avoiding iteration; and (iii) a subset of the significant SNPs that met a lenient threshold p-value of 0.01 was selected for GWEA using field data for growth and real-time ultrasound scan measures for subcutaneous fat thickness in Brahman cattle.
Genome-wide associations
Using 6714 quality-controlled SNP markers of the bovine 10K SNP chip, significant genetic variants associated with IGF-1, ultrasound scan for rump fat at P8 site and rib fat depth traits were identified. Several SNPs were significantly associated with more than one trait; hence, there is some evidence of pleiotropic effects. Overall, six SNPs were significantly associated with at least one trait. All of these SNPs were located on chromosome 14, in the genomic regions between 21 and 35 Mb. The strongest signal was detected with rs29020688 on BTA 14 at the genomic location of 24 Mb for fat depth at P8 site measured in the dry season. This rs29020688 marker was located in the intron region of Bostaurus XK, Kell blood group complex subunit-related family, member 4 (XKR4) gene (Gene ID: However, our results indicate that the XKR4 gene was also associated with IGF-1 and fat depth between the 12th and 13th ribs. If this finding is reproduced by other studies using high-density SNP markers genotyped with a large number of animals, the SNP rs29020688 marker in the XKR4 gene could potentially be used as a biomarker for subcutaneous fat composition trait. The SNP rs29010471 on BTA 14 at genome position of 21 128 800 bp was associated with IGF-1 level. This SNP is located in the intron of B. taurus protein kinase, DNA-activated, catalytic polypeptide (PRKDC) gene (Gene ID: 512740, chromosome 14, 21037822. . .21164094). To date, no other study has reported this association. Other significant SNPs detected on BTA 14 were rs29010515, rs29010516, rs29011751 and rs29025824 for IGF-1 and scanned fat depth traits. These SNPs were located in nongene or noncoding regions. However, the SNPs that fall within noncoding regions may still have consequences for gene splicing and transcript factor binding or may be in linkage disequilibrium with the causal mutations. Some of these associations found in this study are consistent with the locations of QTL indentified using linkage mapping in cattle, bearing in mind that the confidence intervals on QTL locations are usually large (Visscher et al. 1996) , ranging from 20 to 30 cM, where hundreds of genes may located in a region of this size (Ron & Weller 2007) .
The association of a number of SNPs with fat depth traits on BTA 14 was consistent with meta-QTL score computed from the combined results of QTLs reported from previous QTL mapping studies (Casas et al. 2003; Mizoshita et al. 2004; Choi et al. 2006) . Wibowo et al. (2008) reviewed over 40 studies with QTL reported on BTA 14 and identified multiple QTLs that span large chromosomal regions including the same region identified in the present study.
Interestingly, Snelling et al. (2010) identified strong SNP associations that fall within the same region on BTA 14 for several growth traits in cross-bred beef cattle, a study conducted as part of the Cycle VII US Meat Animal Research Centre (USMARC). Recently, Bolormaa et al. (2011) and Hawken et al. (2012) detected significant SNP markers in genome region 22-25 Mb on BTA 14 associated with a wide variety of traits, including age at puberty, serum IGF-1, hip height and scanned fat depth at P8 traits. They used the 50k SNP bovine chip genotype data obtained from Australian Brahman and composite tropical beef cattle.
Similarly, Fortes et al. (2012) identified the same region in BTA 14 associated with IGF-1 and scrotal circumference in Australian Brahman bulls genotyped with the bovine SNP 50k chip. This region contains 23 positional genes, including pleiomorphic adenoma gene 1 (PLAG1), proenkephalin (PENK), ribosomal protein S20 (RPS20) and moloney murine sarcoma viral oncogene homologue (MOS).
Furthermore, Karim et al. (2011) showed that this genome region was associated with bovine stature and identified pleiomorphic adenoma gene 1 (PLAG1) as a possible causative gene for stature in dairy cattle studied in New Zealand. Thus, genomic region 21-39 Mb in BTA 14 appears to have pleiotropic effects on growth, fat depth and reproductive traits across different cattle breeds.
Genome-wide epistasis association
Significant epistatic signals were detected for serum concentration of IGF-1 and ultrasound scan measures for fat depth traits using a genome-wide association analysis method. Using a FDR threshold of 0.01, 136 genome-wide epistatic signals were detected on 15 different chromosomes for W1IGF-1 (see supporting information, Table S2 ), with the highest number of epistatic signals located on chromosome 10. Overall, there were 56 SNPs spanning the genome involved in these 136 interactions. Twenty epistatic interactions, associated with W1IGF1 and D2SP8 traits, were between SNPs located on 15 chromosomes (BTA 1, 5, 6, 8, 10, 13, 14, 16, 17, 18, 19, 20, 23, 25 and 26 ) (see supporting information, Table S4 ). Of these epistatic interactions, 10 SNPs were located in the following genes: SNX30 (BTA 8), DZANK1 (BTA 13), PRKDC (BTA 14), MTSS1 (BTA 14), SUSD4 (BTA 16), ARH-GAP35 (BTA 18), CDH18 (20), CPNE5 (BTA 23), PRKCB (BTA 25) and PRKG1 (BTA 26). The large numbers of epistatic interaction were associated with W1IGF1, and some of these epistatic signals show strong significant association (p-value = 6.1 9 10 À13 ; q-value = 5.2 9 10 À11 ). Surprisingly, SNPs with the strongest associations detected using standard GWAS did not appear in any significant epistatic association. This in fact may suggest that many of epistatic SNPs may show small effect when tested individually and could be missed through GWAS alone.
The effects of these genes became evident only after fitting epistasis models. One of the drawbacks of the standard genome-wide association studies is that they consider only one SNP at a time, so it does not allow for additive or interaction effects of other loci. Hence, GWAS are unable to explain the full genetic variation in complex traits and diseases, more due to statistical issues than biological issues. Indeed, Khatib et al. (2009) showed that models that fitted gene-gene epistatic interactions in eight candidate genes in the POU1F1 signalling pathway for fertility traits in dairy cows revealed significant contribution to the variation in fertility traits compared with models without interactions between genes. Similarly, Suchocki et al. (2010) assessed epistatic interactions between four candidate genes, namely BNA1A1, DGAT1, LEP and LEPR, and their effects on milk traits in Jersey and Polish Holstein-Friesian cows and found evidence of epistasis between DGAT1 and LEPR, as well as between LEPR and BTN1A1 for milk composition traits.
The model for epistasis in eqn (3) contains a term with 4 degrees of freedom (SNP 1 .SNP 2 ) and contains an extensive range of epistatic expression. If this model was re-parameterised to code the 3-level factors by additive (a 1 , a 2 ) and dominance (d 1 , d 2 ) effects, then the epistatic interactions could be dissected into additive 9 additive, dominance 9 dominance and additive 9 dominance components. This could be further explored in future; however, considerations of power to detect each component may need further consideration.
The present study has some limitations, namely the small sample size and low-density SNP panel, even though this was considered high density at the time the experiment was conducted. Often in the single-SNP GWAS models, the small-effect SNPs will not be detected because of the stringent threshold (e.g. p-value ≤ 10 À5 ); hence by lowering the cut-off, we will be able to capture those epistatic SNPs (Kadarmideen 2014). In our epistasis association model, a subset of significant SNPs at a lenient threshold of p-value ≤0.01 was selected from the traditional genome-wide association model for pair-wise SNP interaction tests; FDR using the q-value method was computed to control false positives. However, it is possible that this method, in the interests of tractability, will miss detecting some epistatic interactions. Furthermore, only first-order interactions were evaluated in the epistatic model, to reduce computational burden; hence, only a small subset of all possible epistatic effects was investigated. Despite these shortfalls, the overall evidence points towards the detection of a large number of epistatic loci located in 19 positional genes affecting serum levels of IGF-1. The results of the present study suggest that the expression of IGF-1 may be under the influence of complex epistatic pathways; hence, genetic studies on this trait should take into account these epistatic effects.
Higher resolution genome scans with a larger number of animals genotyped and across cattle breeds will allow a more accurate assessment of the genetic basis of regulation of growth and carcass traits.
It should also be noted that estimating pair-wise epistatic (gene-gene) interactions is becoming increasingly important in modelling the genetic basis of complex traits via 'systems genetics' methods such as Weighted Interaction SNP Hub (WISH) networks shown by and applied to obesity and metabolic traits in the porcine model for obesity .
In summary, we demonstrated the usefulness of modelling epistasis in the analysis of complex traits and successfully identified potential genes that affecting serum concentration of IGF-1 and ultrasoundscanned fat rump depth traits using field data from an Australian Brahman cattle population. Information about epistasis can add to our understanding of the complex genetic networks that form the fundamental basis of biological systems.
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